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Introduction 42
Deciphering the microbial communities from diversified domains such as health, food molecular fingerprints of waste degradation and to monitor the patterns of substrate 81 degradation (Villas-Bôas et al., 2006) . 82 To our knowledge, this is the first study that studies the correlation between microbial 83 activity from 16S rRNA sequencing data and pattern of substrate degradation from 84 metabolomics data. Our computational analyses revealed subsets of active microorganisms 85 highly associated to dynamics of substrate degradation over time, and posit novel hypotheses 86 regarding the capacity of microorganisms to degrade specific molecules. For instance, 87 cadaverine degradation was correlated to Clostridiales and Methanosarcina, which suggests a 88 possible syntrophic relationship between these two microorganisms. Such association was 89 already highlighted with a different anaerobic syntrophy between a Clostridium-like bacteria 90 and Methanospirullum archaea (Roeder and Schink, 2009 ).
92
Methods 93 Feedstock preparation 94 The inoculum used in the digestion experiments was sampled from a mesophilic full 95 scale industrial anaerobic bioreactor treating primary sludge from a wastewater treatment 96 plant (Valenton, France). The inoculum was incubated in anaerobic condition at 35°C without 97 feeding in order to degrade the organic matter in excess before to carry out the experiments. 98 Substrates used in the experiments were wastewater sludge collected from an industrial 99 wastewater treatment plant (Valenton, France), fish waste obtained from a fish shop, and 100 garden grass mowed from IRSTEA institute. Fish and grass wastes were crushed and kept at 6 120 Figure 1. Scheme of the batch experimental design. S100 stands for wastewater sludge 121 alone, F25, F50, F75, F100 stands for respectively 25, 50, 75 or 100% of fish (F) in co-122 digestion with sludge, G25, G50, G75, G100 stands for respectively 25, 50, 75 within triplicates. S100 stands for wastewater sludge alone; F25, F50, F75, F100 stands for 137 respectively 25, 50, 75 or 100% of fish (F) in co-digestion with sludge; G25, G50, G75, G100 138 stands for respectively 25, 50, 75 or 100% of Grass (G) in co-digestion with sludge. Red solid 139 lines correspond to the 16S rRNA sequencing points and metabolomic points. Purple dashed 140 line corresponds to the point where only metabolomic analysis was carried out.
142
The commercial kit FastRNA Pro™ Soil-Direct (MP Biomedicals) was used to extract 143 the total RNA following the manufacturer's specifications. TURBO™ DNase (Ambion) kit 144 following the manufacturer's instructions allowed to remove DNA co-extracted. The RNA 145 was denaturated by 2 min at 85°C in a dry bath and was then stored on ice. RNAClean XP 146 magnetic beads purification system (Beckman Coulter) was used to RNA purification by 147 adding 1.8 volumes of beads by volume of RNA. After mixing by pipetting and 5 min of 148 incubation, beads were captured using a magnetic rack on one side of the tube and then 149 washed by adding 500 µL of 70% cold ethanol (diluted in DEPC-water). Tubes were 150 incubated during 30 seconds at room temperature and ethanol was removed then. This 151 washing step was repeated 3 times. Once ethanol finally evaporated, beads were resuspended 152 with DEPC-water to eluted RNA from the beads. Finally, beads were removed using the 153 8 magnetic rack and RNA was recovered in the supernatant. The integrity and quantity of the 154 RNA was evaluated using High Sensitivity RNA ScreenTape and 4200 TapeStation (Agilent 155 Technologies) following the manufacturer's protocol.
156
A reverse transcription polymerase chain reaction (RT-PCR) was carried out on the 157 RNA using the mix iScript Reverse Transcription Supermix (Biorad) and the following 158 thermocycler program: 5 min at 25°C, 30 min at 42°C and 5 min at 85°C. The cDNA was 159 quantified using Qubit 2.0 fluorometer (ssDNA assay kit, Invitrogen, Life Technologies).
160
Archaeal and bacterial hyper variable region V4-V5 of the 16S rRNA gene were 161 amplified as cDNA, and these amplicons were then sequenced according to the protocol 162 described by Madigou et al. (Madigou et al., 2019) .
163
FROGS (Find Rapidly OTU with Galaxy Solution), a galaxy/CLI workflow (Escudié et 164 al., 2018) , was used to design an OTU count matrix. R CRAN software (version 3.5.1) was 165 used to examine the OTUs abundances. Alpha diversity was analysed using Shannon method 166 using phyloseq R package (version 1.20.0). Considering the dispersion in the total number of 167 reads identified in each sample, archaeal and bacterial OTUs abundances were scaled with 168 total sum. Only OTUs that exceeded 1% in terms of relative abundance in at least one sample, 169 were selected for the analysis and square-root transformed.
170

Metabolomic analysis 171
Metabolomic analysis was performed on all collected supernatants. Samples were 172 analysed using reverse phase liquid chromatography coupled to high resolution mass 173 spectrometry (HPLC-ESI-HRMS) using a LTQ-Orbitrap XL instrument (Thermo Scientific).
174
Samples were diluted at 1/10 in water and 10 µL of the solution was injected into the 175 analytical system. Chromatographic separation was performed on Accela 1250 pump at 400 176 µL/min with a linear gradient from 10 to 80% of mobile phase A (acetonitrile + 0.05% formic 177 acid) and 90 to 20 % of mobile phase B (water + 0.05% formic acid) into a syncronis C18 178 9 column (50x2.1 mm, 1.7µm, Thermo Scientific) during 23 minutes, followed by a 179 stabilization phase of 5 minutes to return at the initial condition. After chromatographic 180 separation, the sample was ionized by electrospray ionization (ESI) on positive mode. The 181 detection was performed in full scan over an m/z range from 50 to 500 at a resolution of 100 182 000. A sample consisting on the supernatant from the digestion of anaerobic sludge was used 183 as a quality control and injected every 10 experiment samples, blank samples were injected 184 every 10 samples, and an equimolar mix of the samples was injected every 5 samples.
185
The raw data obtained from the LC-HRMS analyses were transformed into mzXML 186 files using MSConvert (ProteoWizard 3.0). The XCMS R package (version 1.52.0) was used 187 to process the data (Smith et al., 2006) . The method centWave was used to determine 188 chromatographic peaks (ROIs) with a m/z error of 10 ppm and a peakwidth between 20 and 189 50 seconds. The ROIs found in different sample were grouped using the group method with a 190 bandwidth of 30. ROIs retention times from the same ROI groups were unified across samples 191 using the orbiwarp method. A second grouping was carried out using a bandwidth of 25.
192
Finally, missing ROIs in the samples were filled using the fillPeaks method. Initial metabolite 193 identification was performed based on the comparison of the accurate molecular mass 194 measured by LC-HRMS with the corresponding values found in the online databases HMDB, 195 LipidMaps, and PubChem (Fahy et al., 2007; Lee et al., 2018; Wishart et al., 2018) . In This method allows to select the OTUs that highly contributed to explain the main source of 209 variance in the data.
210
To study the dynamics of the metabolites between the different feeding types, we used were studied. Microorganisms and molecules with a similar pattern of evolution were grouped 227 together using a hierarchical clustering using complete linkage method to identify the 228 microorganisms involved in the degradation of the molecules.
230
Results and discussion 231 A comparison of the major chemical parameters of anaerobic digestion is described in 232 a precedent study (Cardona et al., 2019) . This study describes the influence of adding a 233 second substrate to improve the digestion performances. Because the present study focuses on 234 the correlation of microbial activity and molecule degradation, the performance results will 235 not be described in details here.
236
Influence of the feeding composition on the microbial community 237 The alpha diversity using Shannon index (supplemental Figure S1 ) was calculated on 238 archaeal and bacterial communities in order to evaluate the influence of the feeding 239 composition on the microbial diversity. We observed that the archaeal and the bacterial The sPCA sample plot highlighted the influence of the feeding composition on the 246 microorganisms abundance (Figure 3 ). We identified 43 OTUs representing 65 to 85% of the 247 total microbial community that explained most of the variability in the 16S rRNA data. The diversity in bacteria community also differed between feeding types. As observed 269 in the alpha diversity analysis, the fish substrate induced a lower microbial diversity than 270 grass or sludge. In fish mono-digestion, the order Clostridiales represented more than 90% of 271 the community. In grass mono-digestion, the abundance of Spirochaetales, Fibrobacterales, 272 Lactobacillales and Enterobacteriales was higher than in fish and sludge mono-digestion, , 2018) . Specifically, in addition to a lower microbial diversity, fish substrate induced the 285 growth of a more specific community than that observed in grass and in sludge substrates.
286
Indeed, only 5% of the OTUs were found in both samples collected from fish-and sludge-287 digesters, and 9% were found in both samples collected from fish-and grass-digesters, while 288 17% of the OTUs were common between samples collected from grass-and sludge-digesters. 
292
The heatmap shows the abundances of the most discriminant microorganisms selected by the 293 sPCA The substrate used, day, and replicate number are indicated in the row labels..
294
Duplicates were carried out on the bioreactors containing only fish, grass or sludge at day 21.
295
Taxonomy is indicated at the genus level for archaea (pink) and order level for bacteria 296 (black) completed by the OTU number. Heatmap color goes from blue to red in accordance to 297 the abundance increase.
299
Within the mixtures, the proportion of the selected microorganisms evolved according 300 to the feeding composition. However, the evolution of the microbial response was not 301 completely linear. For example, the relative abundances of the active OTUs in the fish:sludge 302 mixture at 75:25 (F75) was close to the relative abundances of the active microorganisms in 303 the fish mono-digestion. On the other hand, the more sludge was added in the feeding, more 304 active microorganisms characteristic of sludge were recovered. On the contrary, the active 305 microbial community in grass remained dominant even down to 25% of grass (in the mixture 306 with 75% of sludge, G25). Despite the progressive evolution for most of the microorganisms 307 was observed across all the samples, some microorganisms were only found in specific conditions such as Methanocorpusculum and specific OTUs of Clostridiales in the mixes 309 50:50 and 75:25 of grass:sludge.
310
Biogas can be regarded as the final outcome of the active microbial composition, and 311 therefore, an association between microorganisms' dynamics and the biogas production 312 performances can be drawn (Figure 2) . For example, the similarity of the microbial 313 composition between F100 and F75, or between G25 and S100, induced a similar biogas 314 production. Thus, the bioreactors performances depend on the ability of the microbial 315 community to adapt to the added substrates.
317
Substrates degradation dynamics 318 The temporal dynamics of the degradation of the different substrate mixtures in the 319 bioreactors were studied. For that purpose, the metabolic fingerprint of the degradation in the 320 digesters were analysed using an HPLC-ESI-HRMS instrument. After data examination with 321 XCMS, a total of 267 ROIs were detected. To identify the molecules (ROIs) specific to each 322 substrate, and that were initially present, sPLS-DA was performed on the metabolomics data 323 from samples relative to the mono-digestion bioreactors (F100, G100 and S100) at day 0.
324
From this analysis, a total of 70 molecules were determined to be specific of any of the 3 325 substrates.
326
The degradation pattern of the selected molecules within the mixtures and over time 327 was evaluated by comparing their intensities ( Figure 5 ). The molecules were grouped 328 according to their initial intensities at day 0. Four major groups can be distinguished from this 329 clustering. 3 of these groups include the ROIs whose relative intensities were significant only 330 in sludge-, grass-or fish-enriched digesters, respectively (S, G, and F, respectively, in Figure   331 5). The other group (FG in Figure 5 ) include the ROIs whose relative intensities were high in 332 both fish-and grass-but low in sludge-containing digesters. selected by the sPLS-DA in the different feeding type fish, grass and sludge at day 0.
337
Analyses were carried out at days 21-28 for bioreactors containing fish, 14-21 for bioreactors 338 containing grass and 14-21-28 for bioreactors containing sludge. For each waste mixture and 339 date, triplicates bioreactors called 1, 2 and 3 were analysed. Heatmap color goes from blue to 340 red in accordance with the abundance increase. 
355
In grass-fed bioreactors, grass biomarkers were classified as plant constituents (betaine, 356 X245), metabolites obtained in lignin degradation (trans-ferulic acid and p-coumaric acid,
357
X388 and X365, respectively), and metabolites from sugar metabolism (galactitol, X329).
358
In fish bioreactors, most of the metabolites corresponded to organic compounds 359 resulting from amino acids degradation (cadaverine and histamine, X132 and X150, 360 respectively). Therefore, in all cases, the substrate-specific metabolites were biologically 361 consistent with the corresponding substrates, as these metabolites were constituents of the 362 substrates or degradation products from these constituents.
364
Correlation between microbial activity and substrates degradation pattern 365 18 A PLS analysis was performed to integrate the data relative to the microorganism 366 activity with the data of the molecules degradation. The rate of molecules degradation in the 367 bioreactors was estimated by dividing the molecules relative intensity at day 0 by their 368 intensity at days of interest.
369
The ordination plots from PLS (Figure S2 A to C) show similar patterns for the two 370 datasets, suggesting that an underlying correlation structure between the two datasets exist. (Tables S2 and S3 ). Figure 6 depicts the mean values of the microbial 377 activity and molecule degradation rate according to the feeding types. Group 1 included 378 microorganisms and molecules with a high microbial activity and high molecule degradation 379 rate during the digestion of sludge and grass. Groups 2-4 included microorganisms and 380 molecules that are specific of either sludge, grass, or fish, respectively. Finally, group 5 381 included the microorganisms and molecules that were highly active and highly degraded, 382 respectively, in fish and sludge bioreactors. carried out on the bioreactors containing only fish, grass, or sludge. S100 stands for 390 wastewater sludge alone, F25, F50, F75, F100 stands for respectively 25, 50, 75 or 100% of 391 fish (F) in co-digestion with sludge, G25, G50, G75, G100 stands for respectively 25, 50, 75 392 or 100% of Grass (G) in co-digestion with sludge. Synergistales are known for their ability to degrade amino acids (Swiatczak et al., 2017) .
410
Thus, their correlation with L-tryptophanol and tryptamine is consistent with the literature.
411 Surprisingly, no methanogen was clustered in this group despite they were expected to be 412 highly correlated with these syntrophic bacteria. One reason could be that the methanogens 413 were not specific partners of these bacteria. Indeed, most of the methanogens were found 414 ubiquitously in bioreactors fed partly with either sludge or grass as shown in the figure 4.
415
In group 3, 12 OTUs mostly from the orders Clostridiales, Lactobacillales, were also identified to be involved in the histamine degradation (Pugin et al., 2017) .
431
In Group 5, heptane-1,2,3-triol and hexadecandiperoxoic acid were found to be 432 descriptive of this cluster. The role of these molecules in this cluster is unknown and it must 433 be further investigated. Methanoculleus and Methanobacterium were correlated to the genus 434 Syntrophomonas. Some species of this bacterium are known to growth in syntrophy with H 2 -435 consumer as methanogens (Mcinerney et al., 1981) .
436
In the different groups, there were some ROIs that could not be assigned. In MS 437 metabolomics analysis, the step of m/z assignment is a traditional bottleneck (Longnecker et 438 al., 2015) . In this study, in addition, the assignment is even more hampered due to the higher 439 structural diversity of the compounds found in digesters, the lack of specific databases, and 440 the absence of precedent literature of metabolomics analysis on anaerobic digesters. Despite 441 all these drawbacks, some correlations between microorganisms and metabolite degradations 442 could still be pointed out. Therefore, if the limitations in the metabolite assignment can be 443 addressed, a better insight of the correlations between microbial and metabolic data will be 444 drawn. .
445
The statistical method developed in this study allows to posit hypotheses on the 
